Introduction
============

Chronic primary mitral regurgitation (MR) due to myxomatous mitral valve disease is an important cause of morbidity and mortality.^[@B1]^ It causes progressive left ventricular (LV) dilatation and irreversible myocardial damage and is associated with eccentric hypertrophy and complex LV adaptive remodeling.^[@B2]^ This remodeling includes an increase in LV end-diastolic diameter, LV end-diastolic volume, LV end-systolic volume index, and LV mass index.^[@B3]^ In MR patients with reduced afterload, a greater proportion of the contractile energy of the myocardium is expended in shortening than in tension development and the LV adapts to the load imposed by MR and, therefore, exhibits elevation in the ejection phase indices of myocardial contractility such as ejection fraction (EF), fractional fiber shortening, and the velocity of circumferential fiber shortening despite impaired myocardial function.^[@B4]^

LV torsion has recently attracted a great deal of attention to LV mechanics and is believed to be a sensitive indicator of LV systolic and diastolic performance and a marker of incipient LV dysfunction. Torsion of the LV is the wringing motion of the heart around its long axis,^[@B5]^ determined by contracting myofibers in the LV wall arranged in opposite directions between the subendocardial and subepicardial layers.^[@B6]--[@B9]^ This motion is essential for regulating LV systolic and diastolic functions.^[@B10],\ [@B11]^ Different methods have been utilized for the assessment of LV torsion such as cineangiographic markers,^[@B12]^ rotational optical devices,^[@B13]^ echocardiography,^[@B8],\ [@B14]^ and tagged myocardial resonance imaging (MRI). The latter is the gold standard, but its low availability, low temporal resolution, and cost have remained its major limitations.^[@B8],\ [@B14],\ [@B15]^ Echocardiography is a widely available method inasmuch as it is more feasible for bedside assessment and is a practical technique in patients with implantable cardioverter-defibrillators (ICD) and cardiac resynchronization devices (CRT).^[@B2]^ This should explain the increasing interest in the development of different techniques in the assessment of LV twist and torsion via echocardiography.

The existing literature contains only a few studies on the impact of chronic pure MR on the left human ventricle twist and torsional mechanics.^[@B1],\ [@B3],\ [@B16]^ The aim of the present study was to evaluate the impact of severe MR due to myxomatous mitral valve (MV) on LV twist, LV torsion, and such related parameters as the twisting rate and the untwisting rate using tissue Doppler imaging (TDI) and to test the hypothesis that in chronic MR patients, global LV torsion in the subclinical phase of LV systolic dysfunction is lower than that in controls, before the other indices of LV systolic function (e.g. left ventricular ejection fraction \[LVEF\]) are impaired.

Methods
=======

This case-control study evaluated all asymptomatic patients with severe MR due to myxomatous MV disease referred to Rajaei Cardiovascular, Medical and Research Center in Tehran between June 2012 and November 2012. Based on our inclusion and exclusion criteria, we included 19 patients. The control group (16 participants) comprised adults with no history of cardiovascular disease and normal physical examination, electrocardiography (ECG), and resting echocardiography; however, if the member was older than 40 years or had risk factor(s) for coronary artery disease, he/she was included if stress echocardiography was normal. The exclusion criteria in both patient and control groups were atrial fibrillation (AF) rhythm, previous cardiac surgery, LVEF \< 60% in the MR group, ischemic heart disease, diabetes, and bundle branch block (BBB). The study was approved by the institutional Ethics Committee on Human Research, and informed consent was obtained from the all the participants.

Two-dimensional (2D) conventional, pulse, and tissue Doppler transthoracic echocardiography was performed with commercial GE Vivid 7 system (Horten, Norway), equipped with an M3S multi-frequency harmonic phased array transducer. Images were acquired with the subjects at rest, lying in the lateral supine position at the end of expiration, and 2D ECG was superimposed on the images and end-diastole was considered at the peak R-wave of the ECG.

MR severity was determined in accordance with the recommendations of the American Society of Echocardiography (ASE) using quantitative parameters such as vena contracta (VC \> 7 mm) and effective regurgitant orifice area (EROA ≥ 0.4 cm^2^). If there was a discrepancy between the findings, regurgitant volume (RV \> 65 ml) was calculated.^[@B17]^ LV global systolic function was evaluated using the modified biplane Simpson method for calculating LVEF by measuring end-diastolic and endsystolic volumes in the 2D images.

Using standard parasternal short-axis views in two base and apical levels, color Doppler myocardial imaging (CDMI) was recorded throughout three cardiac cycles according to the guidelines of the ASE. An appropriate velocity scale was chosen to avoid CDMI data aliasing, and the sector angle was adjusted to ensure the highest possible sampling frequency. Meticulous attention was paid so as to maintain the anterior and posterior LV segments perpendicular to the ultrasound beam and keep it aligned at as near zero degrees to the radial motion as possible, and the images were stored digitally in cine-loop format in the memory of the scanner.

The digitally stored CDMI data sets were processed off-line using the Echo Pac quantitative analysis software, equipped to obtain regional myocardial velocity. The tissue velocity imaging analysis with 8-mm volume samples was performed from the anterior and posterior segments of the LV walls to extract radial velocity-time curves and the lateral and septal segments to extract the tangential component of velocity in both basal and apical short-axis levels.

The velocity-time data of each sample throughout the cardiac cycle were saved on compact disc (CD) using the system CD writer and were transferred to a spreadsheet Excel 2003 program for the basal and apical rotations, LV twist, twist rate, and torsion calculations. All the calculations were averaged for at least three consecutive heart beats.

Tangential velocity (cm/s) was converted into angular velocity (degree/s) by estimating the time-varying radius of the LV \[R(t)\] both at the basal and apical levels using the anterior and posterior velocity data sets:^[@B18]^ $$\text{R}(\text{t}) = \text{R}(0) + \frac{{\int_{0}^{\text{t}}{\lbrack\text{Va}(\text{t})}} - \text{Vp}(\text{t})\rbrack.\text{dt}}{2}$$ where Va and Vp were the myocardial velocity at the anterior and posterior regions and R(0) was the end-diastolic radius.

From the lateral and septal velocity data sets, LV rotational velocity was estimated from the averaged tangential velocity, corrected with R(t), as follows: $$\text{Vrot}(\text{t}) = \frac{(\text{V}1 - \text{Vs})}{2 \times \text{R}(\text{t})}$$ where Vl and Vs were myocardial velocity at the lateral and septal regions and Vrot(t) was LV rotational velocity (degree/s) both at the basal and apical levels.

The LV twist rate (degrees/s) was calculated as follows: $$\text{LV}\,\text{Twist}\,\text{rate} = \text{Apical}\,\text{Vrot}(\text{t}) - \text{Basal}\,\text{Vrot}(\text{t})\,$$ where Apical Vrot(t) and Basal Vrot(t) were rotational velocity (degree/s) at the apical and basal levels, respectively.

LV rotation (degrees) at the basal and apical levels was calculated as follows: $$\text{LV}\,\text{rotation} = {\int_{0}^{\text{t}}{\text{Vrot}(\text{t}).\text{dt}}}$$ LV twist (degrees) was calculated as follows: $$\text{LV}\,\text{Twist} = \text{Apical}\,\text{LV}\,\text{rotation} - \text{Basal}\,\text{LV}\,\text{rotation}$$

The peak systolic twist, peak twisting, and peak untwisting rates were measured as is demonstrated in [Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}. LV torsion was calculated as LV twist divided by LV diastolic longitudinal length. In addition, the peak twisting and untwistingrates were normalized through their division by LV diastolic longitudinal length.

![Left ventricular (LV) rotation at the basal and apical levels and left ventricular twist and untwisting throughout one cardiac cycle. End-diastolic drift was compensated by assuming constant estimation error over the cardiac cycle](jthc-9-76f1){#F1}

![Left ventricular (LV) rotational velocities at the basal and apical levels and left ventricular twisting and untwisting velocities throughout one cardiac cycle](jthc-9-76f2){#F2}

The data were tested for normal distribution via the D'Agostino-Pearson test and graphical methods. All the continuous variables with a normal distribution are presented as mean ± standard deviation (SD) and were compared between the two study groups by independent-samples t-test. The Mann-Whitney test was used to test the significance of the difference between two independent samples when the distribution of the samples was not normal. The categorical variables were compared using the chi-squared test. A p value \< 0.05 was considered statistically significant. All the statistical analyses were conducted using SPSS 13 (SPSS Inc. Chicago, IL, USA) and Med Calc 9.2 software package (Med Calc Inc. Maria Kerke, Belgium).

Results
=======

A total of 19 asymptomatic patients (mean age = 49.5 ± 14.1 years; 11 men and 8 women) with severe MR due to myxomatous MV disease and 16 non-MR controls (mean age = 41.1 ± 12.8 years; 6 men and 10 women) were enrolled. The clinical characteristics and echocardiographic data of the two groups are summarized in [Table 1](#T1){ref-type="table"} and [Table 2](#T2){ref-type="table"}, respectively. The mean age, heart rate, systolic blood pressure, diastolic blood pressure, and body surface area of the two groups were not statistically significant. Maximal LA volume, volume index, LV end-diastolic diameter (LVEDD), EDD index, LV end-systolic diameter (LVESD), ESD index, and LVEF were significantly greater in the patients with MR than in the non-MR group.

###### 

Demographic and hemodynamic characteristics of the study participants[^\*^](#TFN1){ref-type="table-fn"}

  Variable                 MR Group (n=19)   Non-MR Group (n=16)   P value
  ------------------------ ----------------- --------------------- ---------
  Gender (Male/Female)     11/8              6/10                  0.229
  BSA (m^2^)               1.8 (1.7--1.9)    1.8 (1.7--1.8)        0.337
  Age (y)                  49.5±14.1         41.1±12.8             0.077
  Heart rate (beats/min)   83.8±11.8         77.1±15.4             0.164
  SBP (mmHg)               120.4±12.7        124.9±15.7            0.355
  DBP (mmHg)               89.3±27.4         78.9±14.2             0.162

Data are presented as proportion, mean±SD, or Median (interquartile range \[IQR\])

MR, Mitral regurgitation; BSA, Body surface area; SBP, Systolic blood pressure; DBP, Diastolic blood pressure

###### 

Resting echocardiographic characteristics of the study participants

  Variable                  MR Group (n=19)   Non-MR Group (n=16)   P Value
  ------------------------- ----------------- --------------------- ----------
  LA volume (ml)            111.1±34.0        45.0±7.8              \< 0.001
  LA volume/BSA (ml/m^2^)   60.9±20.9         25.5±4.1              \< 0.001
  LVEDD (cm)                5.8±0.5           4.6±0.3               \< 0.001
  LVEDD/BSA (cm/m^2^)       3.2±0.3           2.6±0.2               \< 0.001
  LVESD (cm)                3.7±0.5           3.2±0.4               0.003
  LVESD/BSA (cm/m^2^)       2.1±0.3           1.8±0.3               0.014
  LVEF (%)                  69.4±6.1          59.2±4.2              \< 0.001

Data are presented as mean±SD

MR, Mitral regurgitation; LA, Left atrium; BSA, Body surface area; LVEDD, Left ventricular end-diastolic diameter; LVESD, Left ventricular end-systolic diameter; LVEF, Left ventricular ejection fraction

Peak LV twist was significantly lower in the MR group than in the non-MR group (10.38° ± 4.04° vs. 13.95° ± 4.27°; p value = 0.020). Also, LV peak systolic torsion was significantly lower in the MR group (1.29 ± 0.54 °/cm vs. 1.76 ± 0.56 °/cm; p value = 0.021), both suggesting incipient LV dysfunction in the MR group.

The peak LV untwisting rate was significantly lower in the MR group than in the non-MR group (−79.74 ± 35.97 °/s vs. −110.96 ± 34.65 °/s; p value = 0.020), but there was no significant difference in the LV twisting rate (79.53 ± 33.07 °/s vs. 95.79 ± 24.87 °/s; p value = 0.111). When the peak untwisting rate was normalized by the LV length, there was a significant difference between the study groups (−9.85 ± 4.49 °/s/cm in the MR group vs. −14.02 ± 4.92 °/s/cm in the non-MR group; p value = 0.021), but not in the peak twist rate normalized by the LV length (9.97 ± 4.61 °/s/cm in the MR group vs. 12.09 ± 3.42 °/s/cm in the non-MR group; p value = 0.133).

Discussion
==========

MR is increasingly prevalent and represents an important cause of morbidity and mortality. The present study assessed the torsional mechanics of the left human ventricle in patients with chronic severe MR and normal LV systolic function using TDI and compared them with those in non-MR controls. The principal findings of this study were that the LV twist, torsion, untwist, and untwist rates, normalized by the LV length, were significantly lower in the severe MR patients, whereas the twisting rate, normalized by the LV length, did not differ significantly.

Echocardiography is the primary noninvasive method for the detection of MR, elucidation of its mechanism, and quantification of its severity. At present, echocardiography is a useful guide for the timing of valve surgery. In asymptomatic patients, valve surgery is considered when there is progressive LV dilation or EF reduction. Simple, available, accurate, and inexpensive methods for the measurement of LV torsion could facilitate more widespread investigation of LV function in routine clinical application. Using the echocardiographic methods, LV twist was initially measured by studying the rotational motion of the papillary muscles,^[@B19]^ followed by measuring rotational mechanics using TDI,^[@B18]^ 2D speckle tracking echocardiography, and velocity vector imaging (VVI). ^[@B1],\ [@B7],\ [@B8],\ [@B14]^ In this study, we used TDI to investigate LV torsional parameters in MR patients and to compare them with those in non-MR controls. Recently, it has been shown that LV torsional deformation may be assessed accurately by TDI with better temporal resolution than MRI and echocardiographic 2D-based methods.^[@B18]^ In this study, we included asymptomatic patients with a normal EF and severe MR. Subclinical LV dysfunction is widely recognized a challenging issue in the management of severe asymptomatic MR and the determination of the appropriate time for surgical intervention. We employed a completely different method, originally based on TDI-derived data, for the detection of torsional abnormalities in these patients.

There are different terms for explaining the wringing motion of the LV.^[@B20]--[@B22]^ By all accounts, however, twist and torsion both refer to the same phenomenon in cardiac function and are defined as the base-to-apex gradient in the rotational angle along the longitudinal axis of the LV.^[@B2],\ [@B23]^ The present study explained the wringing motion of the LV not only by twist, twist rate, and untwist rate but also by normalized twist, twisting rate, and untwist rate according to the LV length.

Normal LV torsion is a component of systolic function and contributes to an efficient ejection. Limited studies have assessed the impact of chronic pure MR on LV twist and torsion. An experimental canine model showed that progressive MR from acute to chronic could decrease systolic twist^[@B24]^ and suggested that a decrease in systolic twist was due to a decreased leverage of the epicardial fibers relative to the endocardial muscle fibers.^[@B2]^ Borg et al.^[@B16]^ evaluated the correlation between MR severity and speckle-based torsional parameters and found that chronic MR caused significant slowing of LV untwisting and suggested the potential role of torsional variables in assessing the early signs of ventricular dysfunction. Moustafa et al.^[@B1]^ evaluated the effect of MR severity on LV function using VVI and while they displayed a significant difference in the peak twist and torsion of the LV endocardium between the study groups, they found no difference in epicardial LV rotation. Similarly in our study using the TDI method, we found significant differences in the myocardial peak twist, torsion, and untwist rates but no significant differences in the peak twist rate or peak twist rate normalized by the LV length (achieved power = 0.32 and 0.35, respectively).

The Dong et al.^[@B25]^ study demonstrated that an increased preload increased the systolic twist rate. But why does chronic MR tend to reduce systolic twist and torsional parameters? We are inclined to believe that chronic MR correlates with LV adaptive remodeling and this remodeling is associated with subclinical LV dysfunction. Furthermore, as was described previously, the extent of the impairment of these variables depends on the stage of the disease.^[@B16]^ Nakai et al.^[@B22]^ reported that torsion was related to fiber orientation and it, therefore, might depict subclinical abnormality in cardiac function. A decline in these parameters is thought to be secondary to the deterioration of LV function; this notion has been borne out by other studies on patients with impaired LV systolic function. ^[@B5],\ [@B26]--[@B31]^ Consequently, we would think that ventricular torsion is a sensitive marker of dysfunction and is a useful clinical measure for the early recognition of subclinical LV dysfunction before the other indices of systolic and diastolic functions are impaired. In this study, we assessed the impact of chronic pure MR on the torsional mechanics of the left human ventricle using TDI and evaluated these parameters as a novel index for detecting subclinical latent LV dysfunction in chronic primary MR patients. This could provide a guide to optimize the time of surgery.

In this study, although there were statistically no significant differences in the LV twisting rate and the normalized peak twist rate between the study groups, the differences between the two groups seem to be important clinically (LV twisting rate = 79.53 ± 33.07 °/s in the MR group vs. 95.79 ± 24.87 °/s in the non-MR group and normalized peak twist rate = 9.97 ± 4.61 °/s/cm in the MR group vs. 12.09 ± 3.42 °/s/cm in the non-MR group). The achieved power for the twisting rate and the normalized twisting rate was 0.32 and 0.35, respectively. Nevertheless, these parameters might have been influenced by the small sample size and, thus, need to be evaluated by future studies with larger samples.

The TDI method for the calculation of torsion has been validated against MRI.^[@B18]^ However, it should be noted that the use of the TDI method for torsional analysis is time-consuming. In addition, the reported value of LV twist and torsion might have been slightly underestimated because of the through-plane motion and noise in the velocity data.

Aging in heart failure patients with a normal EF is associated with increased LV torsion secondary to reduced rotational deformation delay and increased peak basal rotation.^[@B32]^ Gustafsson et al.^[@B33]^ demonstrated that there was no significant difference in peak rotation at the basal and apical levels between men and women in healthy individuals. In the present study, we did not evaluate the effects of sex and age on torsional parameters in MR patients and these points require future studies to evaluate the effects of sex and age on torsional parameters in these patients.

Conclusion
==========

The evaluation of LV torsional parameters such as the LV twist, torsion, untwist, and normalized untwist rates in MR patients with a normal LVEF suggests the potential role of these sensitive variables in assessing the early signs of ventricular dysfunction in asymptomatic patients.

We would like to thank all the medical staff at the Echocardiography Department of Rajaei Cardiovascular, Medical and Research Center for their invaluable assistance. This study was supported by Iran University of Medical Sciences.
